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(54) STEEL SHEET AND MANUFACTURING METHOD THEREFOR

(57) A steel sheet and a method for producing the
steel sheet are provided. The present invention provides
a steel sheet with a specific composition, wherein a steel
microstructure contains ferrite: 5% by area percentage
orless, a microstructure composed of one or two or more
of upper bainite, fresh martensite, tempered martensite,
lower bainite, and retained y: 95% to 100% by area per-
centage, and retained y: 5% to 20% by volume percent-
age, retained yg with a grain width in the range of 0.25
to 0.60 wm, a grain length in the range of 1.0 to 15 um,
and an aspect ratio in the range of 3.1 to 25 has an area
percentage S, ;g in the range of 0.2% to 7.0%, retained
g With a grain width in the range of 0.08 to 0.24 um, a
grain length in the range of 0.6 to 15 um, and an aspect
ratio in the range of 4 to 40 has a distribution number
N, g in the range of 10 to 120 per 100 pwm2, fresh mar-
tensite with an equivalent circular grain diameter of 0.5
pm or more and less than 1.3 wm and an aspect ratio of
3 or less and/or retained y grains with an equivalent cir-
cular grain diameter of 0.5 pwm or more and less than 1.3
pm and an aspect ratio of 3 or less has a total area per-
centage S,y in the range of 1% to 10%, and fresh mar-
tensite with an equivalent circular grain diameter in the
range of 1.5 to 20 pm and an aspect ratio of 3 or less
and/or retained y grains with an equivalent circular grain

diameter in the range of 1.5 to 20 wm and an aspect ratio
of 3 or less have a total area percentage S,gjocx Of 5%
or less (including 0%).

FIG. 1

a; UPPER BAINITE (WITH LITTLE CARBIDE)
b; PLATE-LIKE RETAINED yys FORMED ADJACENT TO UPPER BAINITE
(RETAINED yys: RETAINED y WITH A GRAIN WIDTH IN THE RANGE OF 0.25 T0 0.60 pm,

A GRAIN LENGTH IN THE RANGE OF 1.0 TO 15 yim, AND AN ASPECT RATIO IN THE RANGE OF 3.17025)
¢, TEMPERED MARTENSITE
d; LOWER BAINITE
¢; FILM-LIKE RETAINED Y. FORMED ADJACENT TO LOWER BAINITE OR TEMPERED MARTENSITE
(RETAINED y WITH A GRAIN WIDTH IN THE RANGE OF 0.08 T0 0.24 pm,
A GRAIN LENGTH IN THE RANGE OF 0.6 TO 15 um, AND AN ASPECT RATIO IN THE RANGE OF 4 TO 40)
f, FRESH MARTENSITE OR RETAINED 7 GRAINS WITH AN EQUIVALENT CIRCULAR GRAIN DIAMETER
IN THE RANGE OF 0.4 TO 1.0 um AND AN ASPECT RATIO OF 3 OR LESS
¢; POLYGONAL FERRITE
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Description
Technical Field

[0001] The presentinvention relates to a steel sheetand a method for producing the steel sheet, which can be preferably
applied to press forming used through a press forming process in automobiles, household electrical appliances, and the
like.

Background Art

[0002] Inrecent years, with further increasing needs for weight reduction of automobile bodies, the application of 980
to 1180 MPa grade high-strength steel sheets to automobile frame components and seat components has been pro-
gressing. When 980 to 1180 MPa grade high-strength steel sheets are applied to automobile components, however,
cracking in a pressing process tends to occur due to a decrease in ductility or stretch-flangeability. Thus, it is desirable
that these high-strength steel sheets have higher formability than conventional steel sheets.

[0003] Against such a background, TRIP steel containing retained vy dispersed in the microstructure of steel sheets
has been developed as a technique for improving the ductility of the steel sheets.

[0004] For example, Patent Literature 1 discloses that ductile steel sheets with a tensile strength (TS) of 80 kgf/mm?2
or more and TS x El > 2500 kgf/mm2-% can be produced by annealing steel containing C: 0.10% to 0.45%, S: 0.5% to
1.8%, and Mn: 0.5% to 3.0% and holding the steel in the range of 350°C to 500°C for 1 to 30 minutes to form retained y.
[0005] Patent Literature 2 discloses that steel sheets with high ductility El and stretch-flangeability A can be produced
by annealing steel containing C: 0.10% to 0.25%, Si: 1.0% to 2.0%, and Mn: 1.5% to 3.0%, cooling the steel to a
temperature in the range of 450°C to 300°C at 10°C/s or more, and holding the steel for 180 to 600 seconds such that
controlling retained austenite to 5% by area percentage or more, bainitic ferrite to 60% by area percentage or more, and
polygonal ferrite to 20% by area percentage or less.

[0006] Patent Literature 3 discloses that a steel sheet can be provided with high ductility and stretch-flangeability by
annealing a steel sheet with a specific composition, cooling the steel sheet to a temperature in the range of 150°C to
350°C, and then reheating and holding the steel sheet at approximately 400°C to form a microstructure containing ferrite,
tempered martensite, and retained austenite. This utilizes the principle of Quenching & Partitioning (Q & P, quenching
and partitioning of carbon from martensite to austenite), which includes in a cooling process once cooling to a temperature
range between a martensite transformation start temperature (Ms point) and a martensite transformation finish temper-
ature (Mf point) and then reheating and holding to stabilize retained y. In recent years, this principle has been utilized
to develop high-strength steels with high ductility and stretch-flangeability.

[0007] Patent Literature 4 discloses an improved method of the Q & P process. More specifically, it aims to achieve
high ductility and stretch-flangeability by annealing steel with a specific composition at a temperature of Ae3 - 10°C or
more to decrease polygonal ferrite to 5% or less and then stopping cooling at a relatively high temperature in the range
of Ms - 10°C to Ms - 100°C to form upper bainite when reheated to approximately 400°C.

[0008] Patent Literature 5 discloses a method of utilizing bainite formed at low temperatures and bainite formed at
high temperatures to produce a steel sheet with high ductility and low-temperature toughness. More specifically, a steel
sheet with high ductility and low-temperature toughness is produced by annealing steel containing C: 0.10% to 0.5%,
cooling the steel to a temperature in the range of 150°C to 400°C at a cooling rate of 10°C/s or more, holding the steel
in this temperature range for 10 to 200 seconds to form low-temperature bainite, reheating the steel to the temperature
range of more than 400°C and 540°C or less, and holding the steel for 50 seconds or more to form high-temperature bainite.

Citation List

Patent Literature

[0009]
PTL 1: Japanese Examined Patent Application Publication No. 6-35619
PTL 2: Japanese Patent No. 4411221
PTL 3: Japanese Patent No. 5463685

PTL 4: Japanese Patent No. 3881559
PTL 5: Japanese Patent No. 3854506
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Summary of Invention
Technical Problem

[0010] However, known TRIP steel described in Patent Literature 1 has very low stretch-flangeability, though it has
high EI.

[0011] Thetechnique described in Patent Literature 2 mainly utilizes bainitic ferrite as a microstructure, and the amount
of ferrite is small. Thus, the stretch-flangeability is good, but the ductility is not necessarily high. Thus, its application to
difficult-to-form components requires further improvement in ductility.

[0012] The technique described in Patent Literature 3 achieves relatively higher ductility and stretch-flangeability than
known TRIP steel and steel containing bainitic ferrite. However, breakage was observed in the forming of difficult-to-
form components, such as center pillars, and further improvement in ductility has been required. It has been shown that
a steel sheet to which this technique is applied does not necessarily have sufficient uniform deformation, which indicates
the resistance to breakage. The uniform deformation is represented by U. El, which represents elongation when necking
begins to occur, among Els which are measures of ductility, and U. El needs to be further increased.

[0013] The technique described in Patent Literature 4 decreases the amount of polygonal ferrite formed to decrease
the amount of massive martensite and cannot therefore ensure sufficient ductility. The technique also sets a relatively
high cooling stop temperature to improve El and leaves a large amount of untransformed y when cooling is stopped.
Thus, massive martensite tends to remain.

[0014] Although the technique described in Patent Literature 5 utilizes low-temperature transformed bainite and high-
temperature transformed bainite to improve ductility, low-temperature transformed bainite contributes little to improve-
ment in ductility, and the use of bainite formed at high temperatures tends to leave a massive microstructure. Thus, it
is difficult to simultaneously achieve high ductility and high stretch-flangeability.

[0015] Thus, steel sheets with sufficiently high ductility and stretch-flangeability have not been produced in the related
art.

[0016] The presentinvention has been made to solve such problems and aims to provide a steel sheet with very high
ductility and high stretch-flangeability even with a tensile strength on the level of 780 to 1450 MPa and provide a method
for producing the steel sheet.

[0017] Steel sheets, as used herein, include galvanized steel sheets which are subjected to galvanization to the
surface. Solution to Problem

[0018] The present inventors have extensively studied a means for providing very high ductility and high stretch-
flangeability and have obtained the following conclusions.

[0019] First, the present inventors examined the causes of (1) insufficient stretch-flangeability of austempered TRIP
steel and (2) insufficient ductility of steel that utilized Q & P. The possible cause of (1) is described below. In austempered
TRIP steel, carbon diffuses from bainite to untransformed austenite while austempering at approximately 400°C, and
bainite transformation is retarded when the amount of carbon in austenite approaches the To composition in which the
free energies of a bcc phase and an fcc phase become equal. The retardation of transformation leaves a massive
microstructure composed of hard martensite in which carbon is concentrated only near the To composition and retained
y. The possible cause of (2) is described below. In steel that utilized Q & P, although the cooling stop temperature can
be sufficiently lowered to decrease the amount of massive microstructure, precipitation of carbide or stabilization of
carbon in martensite prevents carbon from being supplied to an austenite phase and prevents retained y to be sufficiently
stabilized.

[0020] The phenomenon (1) is also inevitable when a large amount of upper bainite is to be generated in the final
tempering process of the Q & P process. More specifically, it is difficult in a previously proposed heat treatment method
to achieve both the utilization of stable retained y formed adjacent to upper bainite transformation and the decrease in
the amount of massive microstructure. Thus, it is difficult in the related art to get out of certain ranges of ductility and
stretch-flangeability.

[0021] On the other hand, the present inventors have found a new heat treatment technique that can impart charac-
teristics beyond the characteristic range of the above techniques by achieving both the utilization of stable retained y
formed adjacent to upper bainite and the decrease in the amount of massive microstructure. It relies on the following.

(i) In a cooling process after annealing, high-temperature bainite is formed by holding the transformation nose of
upper bainite at approximately 450°C (405°C to 505°C) for 14 to 200 seconds with little carbide precipitation. Such
intermediate holding in the high temperature region forms plate-like (rod-like in the cross-sectional microstructure)
retained yyg, which contributes to improved ductility in the final microstructure, and bainite with less strain adjacent
to the plate-like retained yyg. The bainite is indispensable to carbon supply to the plate-like retained y .

(i) In a remaining untransformed y region, secondary cooling is started before carbon concentration reaches to the
T, composition that is responsible for the formation of a massive microstructure, and the rapid cooling is performed
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to 315°C at a cooling rate of 8.0°C/s or more.

(iii) The cooling is continuously performed from 315°C to a cooling stop temperature (Tsq) in the range of 310°C to
255°C to divide the remaining untransformed y region by martensite transformation or lower bainite transformation
to decrease the amount of massive microstructure.

(iv) In this cooling process, second holding is performed after slow cooling of less than 20°C/s in the temperature
range of 315°C to the cooling stop temperature, thereby causing carbon partitioning simultaneously with the progress
of the martensite transformation and the lower bainite transformation and forming a film-like retained vy, g (acicular
in the cross-sectional microstructure) that contributes to improved ductility.

(v) Furthermore, the cooling stop temperature is set to 255°C or more to disperse fine martensite or retained y with
an equivalent circular diameter of 0.5 um or more and less than 1.3 pm, which contributes to improved ductility.
(vi) Subsequently, the two types of retained v, that is, the plate-like retained y 5 adjacent to the upper bainite formed
by the holding while cooling and the film-like retained y, g remaining adjacent to martensite or lower bainite formed
during the secondary cooling are stabilized by reheating and holding at approximately 400°C to convert martensite
to tempered martensite and simultaneously by carbon partitioning in the plate-like retained y g and the film-like
retained v g.

(vii) In the case of composite forming that includes stretch forming and stretch flange forming in one component,
increasing the bead tension in pressing suppresses the inflow of a steel sheet and tends to induce cracking in a
stretch-formed portion, and decreasing the bead tension increases the inflow of a steel sheet and tends to induce
cracking in a flange portion. To prevent each cracking, it is important to control uniform elongation (U. El), which is
a measure of ductility, and A, which is a measure of stretch-flangeability, in the range of (TS x U. El - 7000) x A >
260000 for the 780 to 1180 MPa grade (for TS in the range of 780 to 1319 MPa). Although a higher-strength 1320
MPa grade can be applied by further limiting components and optimizing the shape of components, control in the
range of (TS x U. El - 7000) x & > 180000 is also important in the 1320 MPa grade (TS of 1320 MPa or more). The
stability of forming is significantly improved with U. El of 9% or more, preferably 10% or more, for the TS: 780 to
1180 MPa grade (TS in the range of 780 to 1319 MPa), or 8% or more, preferably 9% or more, for the TS: 1320
MPa grade (TS of 1320 MPa or more) and with A of 30% or more, preferably 40% or more, for the TS: 780 to 1180
MPa grade (TS in the range of 780 to 1319 MPa), or 20% or more, preferably 30% or more, for the TS: 1320 MPa
grade (TS of 1320 MPa or more).

[0022] Thus, the utilization of stable retained y and the decrease in the amount of massive microstructure, which have
been difficult before, can be achieved at the same time by performing a two-step cooling process, which utilizes upper
bainite transformation before martensite transformation and controls the residual amount of remaining massive micro-
structure by the Q & P process. Consequently, a steel sheet with very high ductility and high stretch-flangeability can
be obtained. The present invention can also achieve higher strength steels.

[0023] The present invention is based on such findings and more specifically provides the following.

[1] A steel sheet with a composition containing, on a mass percent basis: C: 0.06% to 0.25%, Si: 0.6% to 2.5%, Mn:
2.3% to 3.5%, P: 0.02% or less, S: 0.01% or less, sol. Al: less than 0.50%, N: less than 0.015%, and a remainder
composed of iron and incidental impurities, wherein a steel microstructure contains ferrite: 5% by area percentage
or less, a microstructure composed of one or two or more of upper bainite, fresh martensite, tempered martensite,
lower bainite, and retained y: 95% to 100% by area percentage, and retained y: 5% to 20% by volume percentage,
retained vy, g with a grain width in the range of 0.25 to 0.60 um, a grain length in the range of 1.0 to 15 um, and an
aspect ratio in the range of 3.1 to 25 has an area percentage S, g in the range of 0.2% to 7.0%, retained y, g with
a grain width in the range of 0.08 to 0.24 um, a grain length in the range of 0.6 to 15 um, and an aspect ratio in the
range of 4 to 40 has a distribution number N, g in the range of 10 to 120 per 100 wm?2, fresh martensite with an
equivalent circular grain diameter of 0.5 um or more and less than 1.3 um and an aspect ratio of 3 or less and/or
retained y grains with an equivalent circular grain diameter of 0.5 wm or more and less than 1.3 um and an aspect
ratio of 3 or less has a total area percentage S, g, in the range of 1% to 10%, and fresh martensite with an equivalent
circular grain diameter in the range of 1.5 to 20 um and an aspect ratio of 3 or less and/or retained y grains with an
equivalent circular grain diameter in the range of 1.5 to 20 wm and an aspect ratio of 3 or less have a total area
percentage S,pjocx Of 5% or less (including 0%).

[2] A steel sheet with a composition containing, on a mass percent basis: C: 0.06% to 0.25%, Si: 0.6% to 2.5%, Mn:
2.3% to 3.5%, P: 0.02% or less, S: 0.01% or less, sol. Al: less than 0.50%, N: less than 0.015%, and a remainder
composed of iron and incidental impurities, wherein a steel microstructure contains ferrite: 5% by area percentage
or less, a microstructure composed of one or two or more of upper bainite, fresh martensite, tempered martensite,
lower bainite, and retained y: 95% to 100% by area percentage, and retained y: 5% to 20% by volume percentage,
retained yyg with a grain width in the range of 0.25 to 0.60 um, a grain length in the range of 1.5 to 15 um, and an
aspect ratio in the range of 4 to 25 has an area percentage S, ;g in the range of 0.2% to 7.0%, retained y g with a
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grain width in the range of 0.08 to 0.24 pm, a grain length in the range of 0.6 to 15 uwm, and an aspect ratio in the
range of 4 to 40 has a distribution number N, g in the range of 10 to 120 per 100 wm?2, fresh martensite with an
equivalent circular grain diameter of 0.5 um or more and less than 1.3 um and an aspect ratio of 3 or less and/or
retained y grains with an equivalent circular grain diameter of 0.5 wm or more and less than 1.3 um and an aspect
ratio of 3 or less has a total area percentage S, g, in the range of 1% to 10%, and fresh martensite with an equivalent
circular grain diameter in the range of 1.5 to 20 um and an aspect ratio of 3 or less and/or retained y grains with an
equivalent circular grain diameter in the range of 1.5 to 20 wm and an aspect ratio of 3 or less have a total area
percentage S,pjock Of 5% or less (including 0%).

[3] The steel sheet according to [1] or [2], wherein a ratio of an area percentage S g of ferrite or upper bainite
adjacent to the retained yygto the area percentage S, g satisfies Syg/S, g = 3.5.

[4] The steel sheet according to any one of [1] to [3], wherein a region with a C concentration in the range of 0.6%
to 1.3% with an adjacent region having a C concentration of 0.07% or less in the microstructure has a total area
percentage Sc concentration in the range of 0.1% to 5%.

[5] The steel sheet according to [4], wherein the region with a C concentration in the range of 0.6% to 1.3% with the
adjacent region having a C concentration of 0.07% or less is retained y.

[6] The steel sheet according to [5], wherein the region with a C concentration in the range of 0.6% to 1.3% with the
adjacent region having a C concentration of 0.07% or less is retained vy g grains.

[7]1 The steel sheet according to any one of [3] to [6], wherein the adjacent region contains upper bainite.

[8] The steel sheet according to any one of [1] to [7], wherein the composition further contains, on a mass percent
basis: one or two selected from Ti: 0.002% to 0.1% and B: 0.0002% to 0.01%.

[9] The steel sheet according to any one of [1] to [8], wherein the composition further contains, on a mass percent
basis: one or two or more selected from Cu: 0.005% to 1%, Ni: 0.01% to 1%, Cr: 0.01% to 1.0%, Mo: 0.01% to
0.5%, V: 0.003% to 0.5%, Nb: 0.002% to 0.1%, Zr: 0.005% to 0.2%, and W: 0.005% to 0.2%.

[10] The steel sheet according to any one of [1] to [9], wherein the composition further contains, on a mass percent
basis: one or two or more selected from Ca: 0.0002% to 0.0040%, Ce: 0.0002% to 0.0040%, La: 0.0002% to
0.0040%, Mg: 0.0002% to 0.0030%, Sb: 0.002% to 0.1%, and Sn: 0.002% to 0.1%.

[11] The steel sheet according to any one of [1] to [10], wherein the steel sheet has a tensile strength in the range
of 780 to 1450 MPa.

[12] The steel sheet according to any one of [1] to [11], including a galvanized layer on a surface of the steel sheet.
[13] A method for producing a steel sheet, the method including: hot rolling and cold rolling a steel slab with the
composition described in any one of [1], [2], [8], [9], and [10] and annealing the cold-rolled steel sheet at an annealing
temperature in the range of 810°C to 900°C; then cooling the steel sheet at an average cooling rate of 1°C/s to
2000°C/s in the temperature range of 810°C to 650°C and cooling the steel sheet at an average cooling rate of
8.0°C/s to 2000°C/s in the temperature range of 650°C to 505°C; holding the steel sheet in the temperature range
of 505°C to 405°C for 14 to 200 seconds; cooling the steel sheet at an average cooling rate of 8.0°C/s to 100°C/s
in the temperature range of 405°C to 315°C; cooling the steel sheet at an average cooling rate of 0.2°C/s or more
and less than 20°C/s in the temperature range of 315°C to a cooling stop temperature Tsq in the range of 255°C to
310°C; heating the steel sheet at an average heating rate of 2°C/s or more in the temperature range of Tsq to 350°C,
holding the steel sheet at 350°C to 590°C for 20 to 3000 seconds; and cooling the steel sheet to a temperature in
the range of 350°C to 50°C or less at a cooling rate of 0.1°C/s or more.

Advantageous Effects of Invention

[0024] The present invention can provide a steel sheet with very high ductility and high stretch-flangeability. The
present invention can also achieve higher strength of the steel sheet.

Brief Description of Drawings
[0025]
[Fig. 1] Fig. 1 is an example of a SEM image.
[Fig. 2] Fig. 2 is an explanatory view of the aspect ratio, grain width, and grain length.
[Fig. 3] Fig. 3 is an example of a graph showing the relationship between the C concentration and the analysis length.

Description of Embodiments

[0026] The present invention is specifically described below. The present invention is not limited to the following
embodiments.
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[0027] Asteelsheetaccordingtothe presentinvention has a particular composition and a particular steel microstructure.
Thus, a steel sheet according to the present invention is described below in the order of composition and steel micro-
structure.

[0028] A steel sheet according to the present invention contains the following components. The unit "%" of the com-
ponent content in the following description means "% by mass".

C: 0.06% to 0.25%

[0029] C is contained from the perspective of securing the area percentage of tempered martensite to ensure a
predetermined strength, from the perspective of securing the volume percentage of retained y to improve ductility, and
from the perspective of being concentrated in retained y to stabilize the retained y and improve ductility. A C content of
less than 0.06% results in insufficient strength and ductility of the steel sheet. The lower limit of the C content is therefore
0.06%, preferably 0.09% or more, more preferably 0.11% or more. A C content of more than 0.25% results in a delay
in upper bainite transformation during intermediate holding in the course of cooling and makes it difficult to form plate-
like retained y,g adjacent to a predetermined amount of upper bainite transformation. This results in a decrease in
ductility. This also results in an increase in massive martensite or massive retained y and a decrease in stretch-flange-
ability. This also results in significant degradation in various characteristics, such as spot weldability, bendability, and
hole expandability, of the steel sheet. Thus, the upper limit of the C content is 0.25%. It is desirable that the C content
be 0.22% or less from the perspective of improving ductility and spot weldability. It is further desirable that the C content
be 0.20% or less from the perspective of further improving ductility and spot weldability.

Si: 0.6% to 2.5%

[0030] Siis contained from the perspective of strengthening ferrite to increase strength and from the perspective of
reducing carbide formation in martensite or bainite to improve the stability of retained y and improve ductility. The Si
content is 0.6% or more from the perspective of reducing carbide formation to improve ductility. The Si content is
preferably 0.8% or more, more preferably 1.1% or more, from the perspective of improving ductility. A Si content of more
than 2.5% results in extremely high rolling load and makes it difficult to produce a thin sheet. This also impairs chemical
conversion treatability and the toughness of a weld. Thus, the Si content is 2.5% or less. The Si content is preferably
less than 2.0% from the perspective of ensuring chemical conversion treatability and the toughness of a material and a
weld. The Si content is preferably 1.8% or less, more preferably 1.5% or less, from the perspective of ensuring the
toughness of a weld.

Mn: 2.3% to 3.5%

[0031] Mn is an important element from the perspective of securing a predetermined area percentage of tempered
martensite and/or bainite to ensure strength, from the perspective of decreasing the Ms point of retained y to stabilize
retained y and improve ductility, from the perspective of reducing carbide formation in bainite to improve ductility in the
same manner as in Si, and from the perspective of increasing the volume percentage of retained y to improve ductility.
To produce these effects, the Mn content is 2.3% or more. In a method that utilizes bainite transformation in a final
process among known heat treatment methods, a Mn content of 2.3% or more results in a large amount of residual
massive microstructure containing hard martensite and retained y and results in a decrease in stretch-flangeability. In
the present invention, however, due to a microstructure formed by using a heat treatment method described later, a
massive microstructure can be decreased even in the presence of a large amount of Mn, and retained y stabilizing effects
and volume percentage increasing effects of Mn can be produced. From the perspective of stabilizing retained vy to
improve ductility, the Mn content is preferably 2.5% or more, preferably 2.6% or more, more preferably 2.7% or more.
A Mn content of more than 3.5% results in a considerable delay in bainite transformation and makes it difficult to ensure
high ductility. A Mn content of more than 3.5% also makes it difficult to prevent the formation of massive coarse vy or
massive coarse martensite and results in a decrease in stretch-flangeability. Thus, the Mn content is 3.5% or less. The
Mn content is preferably 3.2% or less from the perspective of promoting bainite transformation to ensure high ductility.
The Mn content is more preferably 3.1% or less.

P: 0.02% or less

[0032] Although P is an element that strengthens steel, a high P content results in low spot weldability. Thus, the P
content is 0.02% or less. From the perspective of improving spot weldability, the P content is preferably 0.01% or less.
Although P is not necessarily contained, the P content is preferably 0.001% or more from the perspective of production
costs.
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S: 0.01% or less

[0033] Although S has the effect of improving scale detachability in hot rolling and the effect of suppressing nitriding
while annealing, S is an element that has great adverse effects on spot weldability, bendability, and hole expandability.
To reduce these adverse effects, the S content is 0.01% or less. In the present invention, spot weldability tends to
deteriorate due to very high C, Si, and Mn contents. From the perspective of improving spot weldability, the S content
is preferably 0.0020% or less, more preferably less than 0.0010%. Although S is not necessarily contained, the S content
is preferably 0.0001% or more, more preferably 0.0005% or more, from the perspective of production costs.

sol. Al: less than 0.50%

[0034] Alis contained for deoxidation or to stabilize retained vy instead of Si. It is desirable that the lower limit of sol.
Al be, but not limited to, 0.01% or more for stable deoxidation. On the other hand, 0.50% or more sol. Al results in very
low material strength and adversely affects chemical conversion treatability. Thus, the sol. Al content s less than 0.50%.
To achieve high strength, the sol. Al content is preferably less than 0.20%, more preferably 0.10% or less.

N: less than 0.015%

[0035] N is an element that forms a nitride, such as BN, AIN, or TiN, in steel and is an element that impairs the hot
ductility and surface quality of steel. In steel containing B, N has the detrimental effect of eliminating the effects of B
through the formation of BN. A N content of 0.015% or more results in very low surface quality. Thus, the N content is
less than 0.015%, preferably 0.010% or less. Although N is not necessarily contained, the N contentis preferably 0.0001%
or more, more preferably 0.001% or more, from the perspective of production costs.

[0036] The composition of a steel sheet according to the present invention may contain the following optional elements
in addition to the components described above.

Ti: 0.002% to 0.1%

[0037] Tifixes N as TiN in steel and has the effect of improving hot ductility and the effect of improving the hardenability
of B. Precipitation of TiC is effective in refining a microstructure. To produce these effects, it is desirable that the Ti
content be 0.002% or more. From the perspective of sufficiently fixing N, the Ti content is preferably 0.008% or more,
more preferably 0.010% or more. On the other hand, a Ti content of more than 0.1% results in an increase in rolling
load and a decrease in ductility due to an increase in the amount of precipitation strengthening. Thus, it is desirable that
the Ti content be 0.1% or less. The Ti content is more preferably 0.05% or less. To ensure high ductility, the Ti content
is still more preferably 0.03% or less.

B: 0.0002% to 0.01%

[0038] B is an element that improves the hardenability of steel and has the advantage of facilitating the formation of
a predetermined area percentage of tempered martensite and/or bainite. Residual solid solution B improves resistance
to delayed fracture. To produce such effects of B, the B content is preferably 0.0002% or more. The B content is more
preferably 0.0005% or more, still more preferably 0.0010% or more. On the other hand, a B content of more than 0.01%
results in not only the saturation of the effects but also very low hot ductility and surface defects. Thus, the B content is
preferably 0.01% or less, more preferably 0.0050% or less, still more preferably 0.0030% or less.

Cu: 0.005% to 1%

[0039] Cu improves corrosion resistance in the operating environment of automobiles. A corrosion product of Cu is
effective in covering the surface of a steel sheet and suppressing hydrogen invasion in the steel sheet. Cu is an element
that is incorporated when scrap is used as a raw material. Allowing the incorporation of Cu allows recycled materials to
be used as raw materials and can reduce production costs. From such a perspective, the Cu content is preferably 0.005%
or more. From the perspective of improving resistance to delayed fracture, it is desirable that the Cu content be 0.05%
or more, preferably 0.10% or more. An excessively high Cu content, however, results in surface defects. Thus, it is
desirable that the Cu content be 1% or less, preferably 0.4% or less, more preferably 0.2% or less.

Ni: 0.01% to 1%

[0040] Like Cu, Ni is an element that can improve corrosion resistance. Ni can reduce the occurrence of surface
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defects, which tend to occur in the presence of Cu. Thus, it is desirable that the Ni content be 0.01% or more, preferably
0.04% or more, more preferably 0.06% or more. An excessively high Ni content, however, results in uneven formation
of scale in a furnace and results in surface defects. An excessively high Ni content also results in increased costs. Thus,
the Ni content is 1% or less, preferably 0.4% or less, more preferably 0.2% or less.

Cr:0.01% to 1.0%

[0041] Cr can be contained to improve the hardenability of steel and to reduce carbide formation in martensite or
upper/lower bainite. To produce such effects, it is desirable that the Cr content be 0.01% or more, preferably 0.03% or
more, more preferably 0.06% or more. An excessively high Cr content, however, results in low pitting corrosion resistance.
Thus, the Cr content is 1.0% or less, preferably 0.8% or less, more preferably 0.4% or less.

Mo: 0.01% to 0.5%

[0042] Mo can be contained to improve the hardenability of steel and to reduce carbide formation in martensite or
upper/lower bainite. To produce such effects, the Mo content is preferably 0.01% or more, more preferably 0.03% or
more, still more preferably 0.06% or more. However, Mo significantly impairs the chemical conversion treatability of a
cold-rolled steel sheet. Thus, the Mo content is preferably 0.5% or less. From the perspective of improving chemical
conversion treatability, the Mo content is more preferably 0.15% or less.

V:0.003% to 0.5%

[0043] V canbe containedtoimprove the hardenability of steel, toreduce carbide formation in martensite or upper/lower
bainite, to refine a microstructure, and to precipitate carbide and improve resistance to delayed fracture. To produce
such effects, it is desirable that the V content be 0.003% or more, preferably 0.005% or more, more preferably 0.010%
or more. A high V content, however, results in a great decrease in castability. Thus, it is desirable that the V content be
0.5% or less, preferably 0.3% or less, more preferably 0.1% or less.

Nb: 0.002% to 0.1%

[0044] Nb can be contained to refine a steel microstructure and increase the strength of the steel microstructure, to
promote bainite transformation through grain refining, to improve bendability, and to improve resistance to delayed
fracture. To produce such effects, it is desirable that the Nb content be 0.002% or more, preferably 0.004% or more,
more preferably 0.010% or more. A high Nb content, however, results in excessive precipitation strengthening and a
decrease in ductility. A high Nb content also results in an increase in rolling load and a decrease in castability. Thus, it
is desirable that the Nb content be 0.1% or less, preferably 0.05% or less, more preferably 0.03% or less.

Zr: 0.005% to 0.2%

[0045] Zr can be contained to improve the hardenability of steel, to reduce carbide formation in bainite, to refine a
microstructure, and to precipitate carbide and improve resistance to delayed fracture. To produce such effects, it is
desirable that the Zr content be 0.005% or more, preferably 0.008% or more, more preferably 0.010% or more. A high
Zr content, however, results in an increased amount of coarse precipitate, such as ZrN or ZrS, remaining unsolved
during slab heating before hot rolling and results in a decrease in resistance to delayed fracture. Thus, it is desirable
that the Zr content be 0.2% or less, preferably 0.15% or less, more preferably 0.08% or less.

W: 0.005% to 0.2%

[0046] W can be contained to improve the hardenability of steel, to reduce carbide formation in bainite, to refine a
microstructure, and to precipitate carbide and improve resistance to delayed fracture. To produce such effects, it is
desirable that the W content be 0.005% or more, preferably 0.008% or more, more preferably 0.010% or more. A high
W content, however, results in an increased amount of coarse precipitate, such as WN or WS, remaining unsolved
during slab heating before hot rolling and results in a decrease in resistance to delayed fracture. Thus, it is desirable
that the W content be 0.2% or less, preferably 0.15% or less, more preferably 0.08% or less.

Ca: 0.0002% to 0.0040%

[0047] Ca fixes S as CaS and contributes to improved bendability or improved resistance to delayed fracture. Thus,
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the Ca content is preferably 0.0002% or more, more preferably 0.0005% or more, more preferably 0.0010% or more. A
high Ca content, however, results in low surface quality or bendability. Thus, itis desirable that the Ca content be 0.0040%
or less, preferably 0.0035% or less, more preferably 0.0020% or less.

Ce: 0.0002% to 0.0040%

[0048] Like Ca, Ce also fixes S and contributes to improved bendability or improved resistance to delayed fracture.
Thus, the Ce content is preferably 0.0002% or more, more preferably 0.0004% or more, still more preferably 0.0006%
or more. A high Ce content, however, results in low surface quality or bendability. Thus, it is desirable that the Ce content
be 0.0040% or less, preferably 0.0035% or less, more preferably 0.0020% or less.

La: 0.0002% to 0.0040%

[0049] Like Ca, La also fixes S and contributes to improved bendability or improved resistance to delayed fracture.
Thus, the La content is preferably 0.0002% or more, more preferably 0.0004% or more, still more preferably 0.0006%
or more. A high La content, however, results in low surface quality or bendability. Thus, it is desirable that the La content
be 0.0040% or less, preferably 0.0035% or less, more preferably 0.0020% or less.

Mg: 0.0002% to 0.0030%

[0050] Mg fixes O as MgO and contributes toimproved resistance to delayed fracture. Thus, the Mg content is preferably
0.0002% or more, more preferably 0.0004% or more, still more preferably 0.0006% or more. A high Mg content, however,
results in low surface quality or bendability. Thus, it is desirable that the Mg content be 0.0030% or less, preferably
0.0025% or less, more preferably 0.0010% or less.

Sb: 0.002% to 0.1%

[0051] Sb suppresses oxidation or nitriding of a surface layer of a steel sheet and reduces a decrease in the C or B
content on the surface layer. A smaller decrease in the C or B content results in suppressed ferrite formation on a surface
layer of a steel sheet, higher strength of a steel sheet, and improved resistance to delayed fracture. From such a
perspective, it is desirable that the Sb content be 0.002% or more, preferably 0.004% or more, more preferably 0.006%
or more. An Sb content of more than 0.1%, however, results in a decrease in castability, segregation in a prior y grain
boundary, and a decrease in resistance to delayed fracture of a shear end face. Thus, it is desirable that the Sb content
be 0.1% or less, preferably 0.04% or less, more preferably 0.03% or less.

Sn: 0.002% to 0.1%

[0052] Sn suppresses oxidation or nitriding of a surface layer of a steel sheet and reduces a decrease in the C or B
content on the surface layer. A smaller decrease in the C or B content results in suppressed ferrite formation on a surface
layer of a steel sheet, higher strength of a steel sheet, and improved resistance to delayed fracture. From such a
perspective, it is desirable that the Sn content be 0.002% or more, preferably 0.004% or more, more preferably 0.006%
or more. A Sn content of more than 0.1%, however, results in a decrease in castability. This also results in segregation
of Snin a prior y grain boundary and a decrease in resistance to delayed fracture of a shear end face. Thus, itis desirable
that the Sn content be 0.1% or less, preferably 0.04% or less, more preferably 0.03% or less.

[0053] When these optional components are contained below their respective lower limits, optional elements below
their lower limits do not reduce the advantages of the presentinvention. A steel sheet according to the presentembodiment
contains these components, and the remainder other than these components includes Fe (iron) and incidental impurities.
The remainder is preferably composed of Fe and incidental impurities.

[0054] The steel microstructure of a steel sheet according to the present invention is described below.

Ferrite: 5% or less

[0055] To ensure a high A, ferrite is 5% by area percentage or less, preferably 4% or less, more preferably 2% or less.
Ferrite, as used herein, refers to polygonal ferrite.

[0056] Microstructure composed of one or two or more of upper bainite, fresh martensite, tempered martensite, lower
bainite, and retained y: 95% to 100%

[0057] To ensure predetermined strength, ductility, and stretch-flangeability, the total area percentage of upper bainite,
fresh martensite, tempered martensite, lower bainite, and retained y in the remainder other than polygonal ferrite ranges



10

15

20

25

30

35

40

45

50

55

EP 3 845 674 A1

from 95% to 100%. The lower limit is preferably 96% or more, more preferably 98% or more. The area percentage of
upper bainite, fresh martensite, tempered martensite, lower bainite, and retained y was observed in a SEM photograph.
Each microstructure content is often in the following range. The area percentage of upper bainite ranges from 1% to
30%. The area percentage of fresh martensite ranges from 0% to 20%. The area percentage of tempered martensite
ranges from 3% to 40%. The area percentage of lower bainite ranges from 5% to 70%.

Retained y: 5% to 20%

[0058] To ensure high ductility, retained y constitutes 5% by volume percentage or more, preferably 7% or more, more
preferably 9% or more, of the entire steel microstructure. The retained y content includes retained y formed adjacent to
upper bainite and retained y formed adjacent to martensite or lower bainite. An excessive increase in retained y content
results in a decrease in strength, a decrease in stretch-flangeability, and a decrease in resistance to delayed fracture.
Thus, the volume percentage of retained y is 20% or less, preferably 15% or less. The "volume percentage" can be
regarded as "area percentage".

[0059] Retained yyg with a grain width in the range of 0.25 to 0.60 um, a grain length in the range of 1.0 to 15 um,
and an aspect ratio in the range of 3.1 to 25 has an area percentage S, ;g in the range of 0.2% to 7.0%

[0060] In a production method described later, plate-like retained vz formed adjacent to upper bainite (bainitic ferrite)
containing little carbide can be produced by holding in the intermediate temperature range of 505°C to 405°C in a cooling
process. Ductility is improved by even the formation of a minute amount of retained vy g with a grain width in the range
of 0.25 to 0.60 um, a grain length in the range of 1.0 to 15 wm, and an aspect ratio in the range of 3.1 to 25. In particular,
such retained yg has a large effect of increasing U. El, which has a greater influence on press formability than El. This
effect is produced by ensuring a retained yg area percentage S, g of 0.2% or more. Thus, the S,g is 0.2% or more.
Itis desirable that the S, g be 0.3% or more because it greatly improves ductility. The S, is preferably 0.4% or more.
To ensure higher ductility, retained y g preferably has a grain width in the range of 0.25 to 0.60 um, a grain length in
the range of 1.5 to 15 um, and an aspect ratio in the range of 4 to 25. It should be noted here that, even in a steel
microstructure with the same grain width, grain length, and aspect ratio, a low C concentration level results in fresh
martensite and not only has very small contribution to improved ductility but also greatly impairs stretch-flangeability.
This microstructure is one of microstructures referred to as MA, and microstructures according to the present specification
are stable y with greatly concentrated C, which is different from and must be distinguished from the MA. Thus, as
described later, the microstructures according to the present specification are only those identified as an fcc structure
by EBSD. An excessively large amount of plate-like retained y g results in excessive carbon consumption and a large
strength reduction. This also results in a decrease in stretch-flangeability and a decrease in resistance to delayed fracture.
Thus, the SYUB is 7.0% or less, preferably 5.0% or less, more preferably 4.0% or less. The area percentage refers to the
area percentage relative to the entire steel microstructure. The area percentage of retained y g can be distinguished
from another metal phase (bcc) by acquiring phase map data using EBSD and measuring an fcc microstructure.
[0061] Theratio of the area percentage S g to the area percentage SyUB of ferrite or upper bainite adjacent to retained
yug satisfies Syp/S, g 2 3.5.

[0062] The ductility improving effect of retained y,g can be improved by controlling the area ratio with respect to ferrite
or upper bainite formed adjacent to the retained yg. To ensure high ductility, itis desirable that Syg/S, g be 3.5 or more.
From the perspective of improving ductility, SUB/SYUB is preferably 4.0 or more. Although there is no upper limit, for the
present thermal history, 15 or less is preferred.

[0063] Retained vy, g with a grain width in the range of 0.08 to 0.24 um, a grain length in the range of 0.6 to 15 um,
and an aspect ratio in the range of 4 to 40 has a distribution number N, g in the range of 10 to 120 per 100 wm?2,
[0064] In aproduction method described later, film-like retained y| g (sometimes also referred to as retained y, g grains)
formed adjacent to martensite and lower bainite can be formed by providing second intermediate holding that slows
down the cooling rate in the temperature range of 315°C to a cooling stop temperature Tsq in the range of 255°C to
310°C in a cooling process. The film-like retained y g grains are grains with a grain width in the range of 0.08 to 0.24
wm, a grain length in the range of 0.6 to 15 pum, and an aspect ratio in the range of 4 to 40. The grains are composed
mainly of retained y and partly contain carbide and/or martensite. The film-like retained vy, g grains were identified by
shape in a SEM photograph. From the perspective of improving ductility, the retained y g grain distribution number NYLB
is 10 or more per 100 umZ2. From the perspective of improving ductility, the NYLB is preferably 20 or more, more preferably
30 or more, per 100 umZ2. An N, g of more than 120 per 100 pwm? results in excessive hardness and a decrease in
ductility. Thus, the NYLB is 120 or less per 100 pmZ2. From the perspective of improving ductility, the NYLB is preferably
100 or less, more preferably 80 or less, per 100 wm?2.

[0065] As described above, those with a grain width of 0.25 wm or more are referred to as plate-like. On the other
hand, those with a grain width of 0.24 um or less are referred to as film-like.

[0066] Fresh martensite with an equivalent circular grain diameter of 0.5 um or more and less than 1.3 pm and an
aspect ratio of 3 or less and/or retained y grains with an equivalent circular grain diameter of 0.5 um or more and less
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than 1.3 um and an aspect ratio of 3 or less has a total area percentage S, g, in the range of 1% to 10%.

[0067] Fine fresh martensite or retained y grains (sometimes also referred to as retained y) with an equivalent circular
grain diameter of 0.5 um or more and less than 1.3 um and an aspect ratio of 3 or less have a large effect of decreasing
A and particularly have a large effect of increasing U. El, which has a greater influence on press formability than EI.
Thus, the total area percentage S, of fresh martensite and retained y grains with an equivalent circular grain diameter
of 0.5 wm or more and less than 1.3 pm and an aspect ratio of 3 or less is 1% or more. From the perspective of improving
ductility, the S, is preferably 2% or more, more preferably 3% or more. An excessively increased S, g, is responsible
for a decrease in A. Thus, the area percentage is 10% or less. From the perspective of improving 1, the total area
percentage is preferably 8% or less.

[0068] Fresh martensite with an equivalent circular grain diameter in the range of 1.5 to 20 um and an aspect ratio of
3 or less and/or retained y grains with an equivalent circular grain diameter in the range of 1.5 to 20 um and an aspect
ratio of 3 or less have a total area percentage S, g, Of 5% or less.

[0069] A large amount of bainite transformation in a final tempering process has left a large amount of massive
martensite or massive retainedy. To prevent this, Mn has been decreased to 2% or less to promote bainite transformation.
A low Mn content, however, has reduced the stabilizing effect or the volume percentage increasing effect of retained y
and has impaired the ductility. On the other hand, both the utilization of bainite transformation and the decrease in the
amount of massive microstructure are possible in the present invention in which an appropriate cooling treatment is
applied to a steel sheet containing a large amount of Mn. A massive microstructure that adversely affects stretch-
flangeability is fresh martensite with an equivalent circular grain diameter in the range of 1.5 to 20 wm and an aspect
ratio of 3 or less and retained y grains with an equivalent circular grain diameter in the range of 1.5 to 20 pm and an
aspect ratio of 3 or less. Thus, the total area percentage S, g4« can be decreased to 5% or less to ensure high stretch-
flangeability. The S,pgjqq is preferably less than 3% to ensure high stretch-flangeability. The S, )4 may be 0%. In the
case where either fresh martensite with an equivalent circular grain diameter in the range of 1.5 to 20 um and an aspect
ratio of 3 or less or retained y grains with an equivalent circular grain diameter in the range of 1.5 to 20 wm and an aspect
ratio of 3 or less is contained alone, the area percentage of that contained is taken as the total area percentage.
[0070] A region with a C concentration in the range of 0.6% to 1.3% with an adjacent region having a C concentration
of 0.07% or less has a total area percentage Sc concentration in the range of 0.1% to 5%.

[0071] The area percentage of a region with a higher C concentration than the surroundings can be controlled to
improve ductility. More specifically, the total area percentage Sc concentration of the region with a C concentration in
the range of 0.6% to 1.3% with the adjacent region having a C concentration of 0.07% or less can be adjusted in the
range of 0.1% to 5% to improve ductility. The adjacent region refers to a region with a C concentration in the range of
0.6% to 1.3% and adjacent to a region with a C concentration of 0.07% or less.

[0072] From the perspective of improving ductility, the region with a C concentration in the range of 0.6% to 1.3% with
the adjacent region having a C concentration of 0.07% or less is preferably retained y, more preferably retained vy ;5
grains (sometimes also referred to as retained YUB)' Part or all of the adjacent region preferably contains upper bainite.
In the following description, the region with a C concentration in the range of 0.6% to 1.3% with the adjacent region
having a C concentration of 0.07% or less is retained vy g, and the adjacent region is upper bainite. When the region is
retained yyg, and the adjacent region is upper bainite, the S concentration is referred to as S, ;5"

[0073] In retained y g formed adjacent to upper bainite, at least one side of the grains tends to have a very low C
content. C in bainite (bainitic ferrite) formed at a high temperature in the range of 405°C to 505°C detaches easily to
austenite and is efficiently concentrated in plate-like retained y 5. Consequently, the C content of the plate-like retained
vug ranges from 0.6% to 1.3%, thus contributing to improved ductility. The C content of the surrounding upper bainite
region is decreased to 0.07% or less. To further improve ductility, the area percentage S, ;5" of a retained y region with
such a C distribution state preferably ranges from 0.1% to 5%. An S, ;5" of 0.2% or more results in a significant increase
in ductility. Thus, it is further desirable that the SYUB* be 0.2% or more. The upper limit is preferably 4% or less, more
preferably 3% or less.

[0074] A method for measuring a steel microstructure is described below.

[0075] The area percentage of ferrite was measured by cutting out a cross section in the thickness direction parallel
to the rolling direction, mirror-polishing the cross section, corroding the cross section with 3% nital, and observing 10
fields at a 1/4 thickness position with SEM at a magnification of 5000. Target ferrite was a relatively equiaxed polygonal
ferrite with little carbide inside. This is the blackest region in SEM. When it was difficult to distinguish whether the
microstructure on both sides of plate-like retained y g is upper bainite or ferrite, the area percentage was calculated by
regarding a region of polygonal ferrite with an aspect ratio of < 2.0 as ferrite and a region with an aspect ratio > 2.0 as
upper bainite (bainitic ferrite). As illustrated in Fig. 2, the aspect ratio a/b was calculated from the major axis length a,
which is the longest grain length, and the minor axis length b, which is the longest grain length in a direction perpendicular
to the major axis. In the case of a plurality of grains in contact with each other, the grains are approximately evenly
divided at the broken line shown in Fig. 2 in a region where individual grains are in contact with each other, and the size
of each grain is measured.
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[0076] The area percentage of a microstructure composed of one or two or more of upper bainite, fresh martensite,
tempered martensite, lower bainite, and retained y was measured in the same manner as in ferrite. This area percentage
is the area percentage of the region other than the ferrite. The area percentage included the area percentage of carbide,
because the area percentage of carbide was very small.

[0077] The volume percentage of retained y was determined by X-ray diffractometry after chemical polishing at a 1/4
thickness position from the surface layer. The incident X-ray was from a Co-Ka radiation source. The area percentage
of retained austenite was calculated from the intensity ratios of the (200), (211), and (220) planes of ferrite to the (200),
(220), and (311) planes of austenite. Because retained y is randomly distributed, the volume percentage of retained y
determined by X-ray diffractometry is equal to the area percentage of retained y in the steel microstructure.

[0078] The shape and area percentage of plate-like retained y g formed adjacent to upper bainite were determined
by electropolishing a cross section in the thickness direction parallel to the rolling direction of the steel sheet at a 1/4
thickness position, acquiring phase map data using EBSD, and measuring an fcc microstructure. The measured region
was 30 wm x 30 um, and 10 fields separated by 50 uwm or more from each other were measured. The above methods
for measuring the grain size and the aspect ratio were used to determine the grain length (major axis length), the grain
width (minor axis length), and the aspect ratio. The area percentage of y grains with a grain width in the range of 0.25
to 0.60 wm, a grain length in the range of 1.0 to 15 um, and an aspect ratio in the range of 3.1 to 25 or with a grain width
in the range of 0.25 to 0.60 wm, a grain length in the range of 1.5 to 15 uwm, and an aspect ratio in the range of 4 to 25
was determined as S, ;5. The same fields were etched with 3% nital, and the total area percentage S g of ferrite or
bainite adjacent to one side or both sides of plate-like retained v,z was determined.

[0079] The following were also determined from SEM photographs in the same manner: the distribution number of
retained y, g with a grain width in the range of 0.08 to 0.24 um, a grain length in the range of 0.6 to 15 wm, and an aspect
ratio in the range of 4 to 40, the area percentages of fresh martensite with an equivalent circular grain diameter in the
range of 1.5 to 20 wm and an aspect ratio of 3 or less and retained y grains with an equivalent circular grain diameter
in the range of 1.5 to 20 pum and an aspect ratio of 3 or less, and the shapes (length, aspect ratio) and area percentages
of fresh martensite with an equivalent circular grain diameter in the range of 0.5 wm or more and less than 1.3 um and
an aspect ratio of 3 or less and retained y grains with an equivalent circular grain diameter in the range of 0.5 um or
more and less than 1.3 um and an aspect ratio of 3 or less.

[0080] The volume percentage of retained y refers to the volume percentage with respect to the entire steel sheet.
S,uB: SyFine: @Nd S,gjock refer to the area percentages with respect to all the regions in the microstructure. N,, g refers
to the density of distribution number in a region composed of upper bainite, fresh martensite, tempered martensite, lower
bainite, and retained y (other than ferrite).

[0081] The equivalent circular grain size (equivalent circular grain diameter) was determined by observing individual
grains with SEM, determining the area percentage, and calculating the equivalent circular diameter.

[0082] The C concentration (% by mass) of the region with a C concentration in the range of 0.6% to 1.3% with the
adjacent region having a C concentration of 0.07% or less and the C concentration (% by mass) of the adjacent region
were measured by line analysis in a cross section in the thickness direction parallel to the rolling direction at a 1/4
thickness position using a field-emission electron probe microanalyzer (FE-EPMA) JXA-8500F manufactured by JEOL
Ltd. at an accelerating voltage of 6 kV, an irradiation current of 7 x 108 A, and a smallest beam diameter. The analysis
length was 6 um. C profile data were randomly collected at 20 positions separated by 10 uwm or more from each other
to acquire the average information on the microstructure. To eliminate the influence of contamination, the background
was subtracted to equalize the average value of C obtained in each line analysis with the carbon content of the base
material. More specifically, when the average of the measured carbon content was greater than the carbon content of
the base material, the increase was considered to be contamination, and the value obtained by subtracting the increase
from the analytical value at each position was taken as the true C content at the position. For the total area percentage
Sc concentration of the region with C in the range of 0.6% to 1.3% adjacent to the region with a C concentration of 0.07%
or less, assuming that a region with the C content at the base of the C peak being 0.07% or less had a random distribution
state, the ratio of the region with C in the range of 0.6% to 1.3% in the line analysis result was taken as the area
percentage. Fig. 3 is an example of a graph of the relationship between the measured C concentration and the analysis
length. In Fig. 3, the region with a C concentration in the range of 0.6% to 1.3% with the adjacent region having a C
concentration of 0.07% or less is an S concentration-1. A graph as shown in Fig. 3 is derived at 30 positions to obtain
the total area percentage S concentration Of S concentration-1. The shape of the microstructure (plate-like retained
v, film-like retained y) marked with "*" in Fig. 3 is determined in a SEM photograph.

[0083] The C concentration level of the plate-like retained y,z can be determined by the above analytical method.
Thus, when the C concentration level ranges from 0.6% to 1.3% in the characteristic evaluation, a metal phase with the
C concentration level may be evaluated as the plate-like retained vy .

[0084] Fig. 1is an example of a SEM photograph.

[0085] A steel sheet used in the observation of Fig. 1 was produced by annealing 0.18%C-1.5%Si-2.8%Mn steel at
830°C, at which an y single phase was formed, cooling the steel to 650°C at 20°C/s, cooling the steel to 505°C at 20°C/s,
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cooling the steel from 505°C to 450°C at 20°C/s, holding the steel at 450°C for 30 seconds, cooling the steel to 315°C
at 10°C/s, cooling the steel from 315°C to 260°C at 6°C/s, heating the steel from 260°C to 350°C at 15°C/s, holding the
steel at 400°C for 1080 seconds, and cooling the steel to room temperature at 10°C/s. A vertical cross section at a 1/4
thickness position in the rolling direction was polished, corroded with 3% nital, and observed with SEM.

[0086] Upper bainite, fresh martensite, tempered martensite, lower bainite, and retained y are individually evaluated
in a SEM photograph. Upper bainite (a) is a microstructure that contains little carbide, has almost no streaked strain
(lath interface) inside, is black like ferrite, and has a minor axis width of 0.4 um or more. There is plate-like retained y
(b) with a grain width in the range of 0.25 to 0.60 um, a grain length in the range of 1.0 to 15 wm, and an aspect ratio
in the range of 3.1 to 25 adjacent to upper bainite or ferrite. Tempered martensite (c) is a region that contains 2.0 to 20
per 1 wm?2 of fine carbide grains with an aspect ratio of 4 or less and an equivalent circular diameter in the range of 0.03
to 0.3 wm in the microstructure. Lower bainite (d) is a region that contains 0.1 to 4 per 1 um?2 of film-like retained y (e)
grains with a grain width in the range of 0.08 to 0.24 um, a grain length in the range of 0.6 um or more and 15 um, and
an aspect ratio in the range of 4 to 40, or 0.2 to 1.9 per 1 pmZ of fine carbide grains with an aspect ratio of 4 or less and
an equivalent circular diameter in the range of 0.03 to 0.3 um in the microstructure. The tempered martensite and lower
bainite contain streaked strain (lath interface) and are slightly grayer than the ferrite or upper bainite. Fresh martensite
or retained y grains with an equivalent circular grain diameter in the range of 1.5 to 20 pm and an aspect ratio of 3 or
less remain in a region in which bainite transformation or martensite transformation proceeded insufficiently. Fresh
martensite or retained y grains (f) with an equivalent circular grain diameter in the range of 0.5 um or more and less
than 1.3 wm and an aspect ratio of 3 or less also remain. A black region with little carbide and with an aspect ratio of
2.0 or less is polygonal ferrite (g).

[0087] A steel sheet according to the present invention preferably has a tensile strength of 780 MPa or more, more
preferably 980 MPa or more. The upper limit of the tensile strength is preferably 1450 MPa or less, more preferably
1400 MPa or less, from the perspective of compatibility with other characteristics.

[0088] The forming stability of a steel sheet according to the present invention is significantly improved by ensuring a
hole expanding ratio A of 30% or more, preferably 40% or more, for the TS: 780 to 1319 MPa grade, or 20% or more,
preferably 30% or more, for the TS: 1320 MPa or more. The upper limit of A is preferably 90% or less, more preferably
80% or less, for both strength levels from the perspective of compatibility with other characteristics.

[0089] A method for producing a steel sheet according to the present invention is described below.

Hot Rolling

[0090] Asteelslabishot-rolled by amethod of heating and thenrolling the slab, a method ofdirectly rolling a continuously
casted slab without heating, or a method of heat-treating a continuously casted slab for a short time and rolling the slab.
Hot rolling may be performed in the usual manner. For example, the slab heating temperature ranges from 1100°C to
1300°C, the soaking temperature ranges from 20 to 300 minutes, the finish rolling temperature ranges from Ar, trans-
formation point to Ar, transformation point + 200°C, and the coiling temperature ranges from 400°C to 720°C. The coiling
temperature preferably ranges from 430°C to 530°C from the perspective of reducing thickness variations and stably
ensuring high strength.

Cold Rolling

[0091] In cold rolling, the rolling reduction may range from 30% to 85%. From the perspective of stably ensuring high
strength and decreasing anisotropy, the rolling reduction preferably ranges from 45% to 85%. When rolling load is high,
softening annealing treatment can be performed at 450°C to 730°C in a continuous annealing line (CAL) or a box
annealing furnace (BAF).

Annealing

[0092] After the hot rolling and cold rolling, a steel slab with a predetermined composition is annealed under the
conditions specified below. Although annealing equipment is not particularly limited, a continuous annealing line (CAL)
or a continuous hot-dip galvanizing line (CGL) is preferred from the perspective of ensuring productivity, a desired heating
rate, and a desired cooling rate.

Annealing Temperature: 810°C to 900°C

[0093] Toensure apredetermined area percentage of tempered martensite and/or bainite and a predetermined volume

percentage of retained v, the annealing temperature ranges from 810°C to 900°C. To decrease polygonal ferrite to 5%
or less, the annealing temperature is adjusted to achieve y single phase region annealing. 815°C or more is preferred,
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and 880°C or less is preferred.
Average Cooling Rate in Temperature Range of 810°C to 650°C: 1°C/s to 2000°C/s

[0094] After the annealing, cooling is performed at an average cooling rate of 1°C/s to 2000°C/s in the temperature
range of 810°C to 650°C. An average cooling rate of less than 1°C/s results in the formation of a large amount of ferrite
and a decrease in strength and A. 3°C/s or more is more preferred. On the other hand, an excessively high average
cooling rate results in a poor sheet shape. Thus, the average cooling rate is 2000°C/s or less, preferably 100°C/s or
less, more preferably less than 30°C/s. 29°C/s or less is preferred because this results in a sheet shape with a good
level (a sheet warpage of 15 mm or less described later in an example). Furthermore, an average cooling rate of 14°C/s
or less is more preferred because this results in a sheet shape with a better level (a sheet warpage of 10 mm or less
described later in an example).

Average Cooling Rate in Temperature Range of 650°C to 505°C: 8.0°C/s to 2000°C/s

[0095] Cooling is performed at 8.0°C/s or more in the temperature range of 650°C to 505°C. An average cooling rate
of less than 8.0°C/s results in the formation of a large amount of ferrite and a decrease in strength and 1. 10.0°C/s or
more is more preferred. On the other hand, an excessively high average cooling rate results in a poor sheet shape.
Thus, the average cooling rate is 2000°C/s or less, preferably 100°C/s or less, more preferably less than 30°C/s.

Holding Time in Temperature Range of 505°C to 405°C: 14 to 200 Seconds

[0096] Thistemperature range can be held for a predetermined time to form upper bainite with little carbide precipitation
and plate-like retained v,z with a high C concentration level adjacent to the upper bainite. This temperature range can
be held to control the area percentage ratio Syg/S, g of these microstructures in a predetermined range. From these
perspectives, the temperature range of 505°C to 405°C is held for 14 seconds or more. From the perspective of forming
plate-like retained y g and improving ductility, this temperature range is preferably held for 17 seconds or more. A holding
time of more than 200 seconds, however, results in slow formation of plate-like retained yg, progress of carbon con-
centration to massive untransformed y, and an increase in the amount of residual massive microstructure. Thus, the
holding time in the temperature range of 505°C to 405°C ranges from 14 to 200 seconds. From the perspective of
improving stretch-flangeability, the holding time in the temperature range of 505°C to 405°C is preferably 100 seconds
or less, more preferably 50 seconds or less. Holding in this temperature range corresponds to decreasing the average
cooling rate to 7.1°C/s or less in the temperature range. From the perspective of improving ductility, the holding temper-
ature range is preferably 420°C or more, more preferably 440°C or more, and preferably 490°C or less, more preferably
480°C or less.

Average Cooling Rate in Temperature Range of 405°C to 315°C: 8.0°C/s to 100°C/s

[0097] After holding in the range of 405°C to 505°C, rapid cooling to 315°C is necessary to prevent excessive con-
centration of carbon to y. Holding a temperature of more than 315°C results in the concentration of carbon to massive
untransformed y, suppresses bainite transformation in a subsequent cooling or tempering process, and results in an
increase in the amount of massive martensite or retained y. This results in a decrease in A. From the perspective of
improving A, the average cooling rate in the temperature range of 405°C to 315°C is 8.0°C/s or more, preferably 10°C/s
or more, more preferably 15°C/s or more. An excessively high cooling rate in this temperature range results in a poor
sheet shape. Thus, the cooling rate in this temperature range is 100°C/s or less, preferably 50°C/s or less, more preferably
less than 20°C/s.

Average Cooling Rate from 315°C to Cooling Stop Temperature TSq: 0.2°C/s or more and less than 20°C/s

[0098] Second holding is performed by slow cooling in the temperature range of 315°C to a cooling stop temperature
Tsq in the range of 255°C to 310°C. This enables the formation of martensite or lower bainite simultaneously with the
concentration of carbon to adjacent y, thus forming film-like retained vy, g adjacent to martensite or lower bainite. This
improves ductility. From the perspective of improving ductility, the average cooling rate in this temperature range is
0.2°C/s or more and less than 20°C/s, preferably 1°C or more. From the perspective of increasing the amount of film-
like retained vy g formed and improving ductility, it is desirable that the average cooling rate in this temperature range be
less than 15°C/s, preferably less than 10°C/s, particularly preferably 7°C/s or less.

[0099] A lower cooling rate in the temperature range of 405°C to 315°C results in greater progress of the concentration
of carbon to untransformed v, slower bainite transformation in the temperature range of 315 to TSq, and a longer time
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to form film-like retained vy g. Thus, when CR3 is the cooling rate in the temperature range of 405°C to 315°C and CR4
is the average cooling rate from 315°C to the cooling stop temperature TSq, preferably CR3 > CR4 is satisfied.

[0100] The cooling rate is most effectively decreased in the range of 315°C to 301°C, and it is particularly important
to specify this temperature range as the cooling rate range.

Cooling Stop Temperature Tsq: 255°C to 310°C

[0101] To disperse fine fresh martensite or fine retained y with an equivalent circular grain diameter in the range of
0.5 wm or more and less than 1.3 um and an aspect ratio of 3 or less to ensure high ductility and an appropriate amount
of retained vy, the cooling stop temperature Tsq must range from 255°C to 310°C. A cooling stop temperature of less
than 255°C results in a decrease in the amount of fine martensite or fine retained y and suppressed partitioning of carbon
to retained y due to carbide precipitation within martensite or lower bainite even for a short holding time. Thus, the cooling
stop temperature is 255°C or more, preferably more than 260°C. A cooling stop temperature of more than 310°C results
in a large amount of residual massive microstructure and a decrease in A. Thus, the cooling stop temperature is 310°C
or less, preferably 300°C or less.

Average Heating Rate in Temperature Range of Cooling Stop Temperature Tsq to 350°C: 2°C/s or more

[0102] Heating for a shorttime in the temperature range of the cooling stop temperature to 350°C can suppress carbide
precipitation and ensure high ductility. When martensite or lower bainite formed by cooling is reheated to 350°C or more
as a core, upper bainite is formed. These effects cannot be produced when the average heating rate to 350°C is low.
This results in a decrease in the amount of retained y and a decrease in ductility. Thus, the average heating rate in the
temperature range of the cooling stop temperature to 350°C is 2°C/s or more. From the perspective of reducing carbide
precipitation and forming upper bainite while reheating, it is desirable that the average heating rate be 5°C/s or more,
preferably 10°C/s or more. The upper limit of the average heating rate is preferably, but not limited to, 50°C/s or less,
more preferably 30°C/s or less.

Holding Time in Range of 350°C to 590°C: 20 to 3000 Seconds

[0103] From the perspective of partitioning C to film-like retained y formed adjacent to plate-like retained y, g, martensite,
or lower bainite formed by intermediate holding to stabilize them, and from the perspective of making a region distributed
in a mass as untransformed v finer by bainite transformation and improving A, the temperature range of 350°C to 590°C
is held for 20 to 3000 seconds. From the perspective of promoting carbon partitioning to improve ductility and decreasing
the amount of massive microstructure to improve A, the holding temperature preferably ranges from 370°C to 500°C.
[0104] For a holding time in the range of 60 to 3000 seconds in the temperature range of 350°C to 590°C, the region
with a C concentration in the range of 0.6% to 1.3% with the adjacent region having a C concentration of 0.07% or less
has a total area percentage Sc concentration in the range of 0.1% to 5%, and the ductility is further improved. 1500
seconds or less is preferred, and 1200 seconds or less is more preferred.

[0105] From the perspective of utilizing the effect of refining untransformed y by bainite transformation and improving
A, itis desirable that the temperature range of 350°C to 590°C be held for 180 seconds or more. Due to the holding, the
region with a C concentration in the range of 0.6% to 1.3% with the adjacent region having a C concentration of 0.07%
or less has a total area percentage Sc concentration in the range of 0.2% to 5%, and the ductility is further improved.
[0106] Holding the temperature range of 350°C to 590°C may also serve as hot-dip galvanizing treatment. In the hot-
dip galvanizing treatment, preferably, a steel sheet is immersed in a galvanizing bath in the temperature range of 440°C
to 500°C to perform the hot-dip galvanizing treatment, and then the amount of coating is adjusted by gas wiping or the
like. In the hot-dip galvanizing, a galvanizing bath with an Al content in the range of 0.10% to 0.22% is preferably used.
The hot-dip galvanizing treatment may be followed by alloying treatment of zinc coating. The alloying treatment of zinc
coating is preferably performed in the temperature range of 470°C to 590°C.

[0107] Atfter that, cooling may be performed to a temperature in the range of 350°C to 50°C or less at an average
cooling rate of 0.1°C/s or more from the perspective of preventing softening due to excessive tempering or preventing
a decrease in ductility due to carbide precipitation, and the steel sheet may be subjected to skin pass rolling from the
perspective of stabilizing press formability, such as adjusting surface roughness or flattening the sheet shape, or from
the perspective of increasing YS. The skin pass elongation percentage preferably ranges from 0.1% to 0.5%. The sheet
shape may also be flattened with a leveler. The average cooling rate to a temperature in the range of 350°C to 50°C or
less is more preferably 5°C/s or more and is preferably 100°C/s or less.

[0108] From the perspective of improving stretch-flangeability, after the heat treatment or the skin pass rolling, a low-
temperature heat treatment may be performed in the temperature range of 100°C to 300°C for 30 seconds to 10 days.
This treatment causes tempering of martensite formed by the final cooling or the skin pass rolling or causes hydrogen
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that intruded into the steel sheet while annealing to be eliminated from the steel sheet. The low-temperature heat
treatment can decrease hydrogen to less than 0.1 ppm. Electroplating may also be performed. Electroplating is preferably
followed by the low-temperature heat treatment from the perspective of decreasing the hydrogen content of the steel.
[0109] An embodiment of the present invention can satisfy (TS x U. El - 7000) x A > 260000, which is important as a
measure of the formability of a component with a complicated shape subjected to stretch forming and stretch flange
forming, in the TS: 780 to 1319 MPa grade, and can satisfy (TS x U. EI - 7000) x A > 180000 in the TS: 1320 MPa grade.
It is also possible to achieve good uniform elongation (ductility), that is, 9% or more in the TS: 780 to 1319 MPa grade
and 8% or more in the TS: 1320 MPa grade or more, and achieve hole expandability (1) of 30% or more in the TS: 780
to 1319 MPa grade or 20% or more in the TS: 1320 MPa grade or more.

EXAMPLE 1

[0110] Acold-rolled steel sheet 1.2 mm in thickness with a composition listed in Table 1 was treated under the annealing
conditions listed in Table 2-1 to produce steel sheets according to the present invention and comparative examples.
[0111] Partofthe steel sheets (cold-rolled steel sheets) were also subjected to hot-dip galvanizing treatment to produce
hot-dip galvanized steel sheets (Gl). More specifically, a steel sheet was immersed in a galvanizing bath in the temperature
range of 440°C to 500°C for hot-dip galvanizing treatment. Subsequently, the amount of coating was adjusted by gas
wiping or the like. In the hot-dip galvanizing, a galvanizing bath with an Al content in the range of 0.10% to 0.22% was
used. After the hot-dip galvanizing treatment, part of the hot-dip galvanized steel sheets were subjected to alloying
treatment of zinc coating to produce galvannealed steel sheets (GA). The alloying treatment of zinc coating was performed
in the temperature range of 470°C to 550°C. Part of the steel sheets (cold-rolled steel sheets) were subjected to elec-
troplating to produce electrogalvanized steel sheets (EG).

[0112] The steel microstructure was measured by the method described above. Table 2-2 shows the measurement
results. The area percentage of plate-like retained y g formed adjacent to upper bainite was determined as the area
percentage S, of y grains with a grain width in the range of 0.25 to 0.60 um, a grain length in the range of 1.5 to 15
wm, and an aspect ratio in the range of 4 to 25.

[0113] JIS No. 5 tensile test specimens were taken from the steel sheets and were subjected to a tensile test (according
to JIS Z 2241). Table 2-2 shows TS and U. El.

[0114] The stretch-flangeability was evaluated in a hole expanding test according to the specifications of the Japan
Iron and Steel Federation standard JFST 1001. More specifically, a 100 mm x 100 mm square sample was punched
with a punching tool with a punch diameter of 10 mm and a die diameter of 10.3 mm (clearance 13%), and then the hole
was widened with a conical punch with a vertex angle of 60 degrees such that a burr formed around the punched hole
was on the outside until a crack penetrating the sample occurred. Hole expanding ratio A (%) = {(d - dg)/dg} x 100, wherein
do denotes the initial hole diameter (mm) and d denotes the hole diameter (mm) when a crack occurred.

[0115] Forthe TS: 780 to 1319 MPa grade, the example Nos. 1,7, 8, 9, 10, 15, 16, 20, 21, 24, 27, 29, 30, 32, and 33
had good uniform elongation (ductility) of 9% or more, satisfied (TS x U. El - 7000) x A > 260000 MPa%, and had hole
expandability (1) of 30% or more. For the TS: 1320 MPa grade or more, the examples had good uniform elongation
(ductility) of 8% or more, satisfied (TS x U. El - 7000) x » > 180000 MPa%, and had good hole expandability (1) of 20%
or more. By contrast, the comparative examples were inferior in at least one of the characteristics.

[0116] These examples had predetermined levels of the volume percentage S, ;g of plate-like retained yyg, the dis-
tribution number N, g of film-like retained vy g, the total area percentage S, of fresh martensite with an equivalent
circular grain diameter of 0.5 wm or more and less than 1.3 um and an aspect ratio of 3 or less and/or retained y grains
with an equivalent circular grain diameter of 0.5 wm or more and less than 1.3 wm and an aspect ratio of 3 or less, and
the total area percentage S, Of fresh martensite with an equivalent circular grain diameter in the range of 1.5 to 20
pm and an aspect ratio of 3 or less and/or retained y grains with an equivalent circular grain diameter in the range of
1.5 to 20 wm and an aspect ratio of 3 or less.

[0117] Examples with an average cooling rate in the range of 15°C/s to 29°C/s in the temperature range of 810°C to
650°C had a good sheet warpage in the range of 11 to 15 mm measured by the following method. Examples with an
average cooling rate in the range of 5°C/s to 14°C/s had a better sheet warpage in the range of 10 mm or less measured
by the following method. The sheet warpage for the evaluation of the sheet shape was evaluated by taking a cut sample
1500 mm in length from an annealed steel sheet, placing the sample on a horizontal flat board, and measuring the
maximum value (unit: mm) of the warpage heights on the four sides. When the sample was cut in the longitudinal
direction, the clearance of a blade of a shearing machine was 4% (the upper limit of the control range was 10%).
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[Table 1]
Steel Composition (mass%)
Note
No. C Si Mn P S sol.Al N others
A | 0192 | 149 | 268 | 0005 | 0.0003 | 0.075 | 0.0031 | 1-0-015,B0.0013, | o ple steel
Nb:0.007
B | 0230 | 152 | 204 | 0007 | 0.0012 | 0.040 | 0.0036 | '-0-018,B:0.0012, | Comparative
Nb:0.020 example steel
c | 0115 | 118 | 305 | 0.002 | 0.0026 | 0.012 | 0.0070 - Example steel
D | 0262 | 1.02 | 2.41 | 0007 | 0.0028 | 0.017 | 0.0046 ; Comparative
example steel
E | 0124 | 1.31 | 282 | 0.007 | 0.0044 | 0.005 | 0.0035 | Ti:0.024,B:0.0020 | Example steel
E | 04133 | 051 | 200 | 0.007 | 0.0030 | 0,002 | 0.0079 | Ti:0.105, B: 0.0018 | Comparative
example steel
Ti:0.016, B:0.0019,
G | 0218 | 1.30 | 2.85 | 0.005 | 0.0004 | 0.006 | 0.0038 | Cu:0.20, Ni:0.05, Example steel
Cr:0.05, M0:0.03
H | 0481 | 122 | 253 | 0001 | 0.0042 | 0.010 | 0.0077 | V°0:010.2r:0009, 1 £ i steel
W:0.008
B:0.0030, Nb: Comparative
| 0.049 | 1.01 | 232 | 0006 | 0.0013 | 0.003 | 0.0090 | ("=l 0 o example stoel
Ti:0.010, B:0.0051,
J | 0185 | 0.85 | 2.70 | 0.007 | 0.0018 | 0.005 | 0.0072 | Ca:0.0008, Ce: Example steel
0.0005, La:0.001
B:0.0029, Mg:
K | 0194 | 1.91 | 255 | 0.007 | 0.0031 | 0.006 | 0.0074 | 0.001,Sb:0.01,Sn: | Example steel
0.01
Ti:0.008, B:0.0024, Comparative
L | 0207 | 269 | 357 | 0005 | 00027 | 0003 | 00097 | \ior i o el
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[Table 2-2]
Stonl Microstructure Characteristics
No. |=""'| Area percentage of | Area percentage of | Volume percentage | Syus [Scoonenraion] ~ Nvie | Syrine | Sysionk TS |UE| " ) Note
No. | e8 L (o) romainders (%) | ofretained 1 () | (o) | e | (100 | Gar | (o | SeiSs | aapay | (o) | (o) | (TSUEHT000).

11 A 3 97 11 0.6 05 55 20 2 5.0 1208 | 10.6 | 51 296045 Example

2 1A 12 88 3 0.6 0.5 25 40 8 15.0 1258 | 8.0 [ 27 82728 Comparative example
3] A 9 91 4 0.4 0.3 30 40 7 13.0 1238 |1 8.0 | 35 101640 Comparative example
4| A 10 90 4 0.4 03 35 40 6 12.0 1242 |82 |39 124192 Comparative example
51 A 1 99 6 0.1 0.0 80 04 2 32 1220 | 88 [ 55 205480 Comparative example
6| A 2 98 6 0.1 0.0 78 0.3 2 34 12151 89 | 53 202116 Comparative example
71 A 2 98 8 0.2 0.1 67 2.0 0 4.0 1212 [ 99 | 53 264936 Example

8| A 2 98 10 05 04 62 2.0 1 4.0 1210 [10.2] 52 277784 Example

9| A 2 98 12 1.1 0.9 50 30 2 6.0 1205 [ 10.8] 50 300700 Example

0] A 2 98 12 1.0 08 37 40 3 8.0 1202 [ 10.6| 46 264095 Example

1] A 1 99 8 0.6 05 15 50 6 12.0 1185 [10.2] 38 193306 Comparative example
121 A 2 98 9 0.6 04 40 40 6 6.0 1205 [ 10.0| 42 212100 Comparative example
3] A 2 98 9 05 0.4 8 1.0 3 6.0 1235 1 93 | 49 219790 Comparative example
141 A 1 99 9 05 0.4 42 04 0 6.0 1220 | 89 [ 57 219906 Comparative example
5] A 2 98 13 0.8 08 64 2.0 0 6.0 1206 [12.0[ 51 381072 Example

6] A 2 98 15 1.1 0.9 88 20 4 6.0 1210 [135]36 336060 Example

171 A 2 98 9 0.3 0.2 72 04 0 50 1225 | 89 [ 56 218540 Comparative example
18] A 2 98 4 0.1 0.0 133 0.2 0 32 1240 | 85 | 50 177000 Comparative example
9] A 2 98 4 0.1 0.0 98 20 3 33 1239 | 88 [ 48 187354 Comparative example
20[A 1 99 7 0.3 0.1 82 2.0 2 35 1239 | 95 | 5 262378 Example

21 A 1 99 9 0.4 02 64 20 1 40 1218 [10.0| 54 279720 Example
2B 15 85 8 0.1 0.1 24 2.0 8 12.0 1162 [ 95|25 100975 Comparative example
2| B 3 97 8 2.8 25 8 04 6 6.0 1190 | 10.0| 42 205800 Comparative example
241 C 5 9 6 0.7 05 30 33 2 14.0 1045 [ 11.5] 60 301050 Example

%] C 1 99 3 05 04 78 21 0 7.0 1088 | 8.9 | 51 136843 Comparative example
26| D 2 98 6 1.0 0.8 63 32 2 8.0 1481 | 55 [ 17 19474 Comparative example
27| E 2 98 19 4.0 3.0 56 8.0 4 50 1025 [ 12.1] 57 307943 Example

28| F 3 97 13 0.4 03 125 2.8 10 6.0 1097 | 8.7 | 52 132283 Comparative example
29|16 2 98 9 05 04 51 8.6 0 8.0 1334 [ 89 |37 180286 Example

0| H 2 98 8 59 47 64 20 0 5.0 1229 [10.4] 49 283298 Example
KN 55 45 2 0.1 0.0 3 0.1 2 220 554 110.0] 32 -46720 Comparative example
R 3 97 5 0.6 05 101 2.8 2 4.0 1237 | 9.8 [ 55 281743 Example

B[ K 2 98 7 0.8 06 67 438 2 6.0 1250 | 10.1] 47 264375 Example
AL 2 98 7 0.6 0.5 79 8.0 12 50 1299 | 85 [ 25 101038 Comparative example

*8: Microstructure composed of one or two or more of upper bainite, fresh martensite, tempered martensite, lower bainite, and retained y

EXAMPLE 2

[0118] Acold-rolled steel sheet 1.2 mm in thickness with a composition listed in Table 1 was treated under the annealing
conditions listed in Table 3-1 to produce steel sheets according to the present invention and comparative examples.
The measurement of the steel microstructure and the evaluation of the mechanical characteristics of the steel sheets
were performed as described above. Table 3-2 shows the results. The area percentage of plate-like retained y ;g formed
adjacent to upper bainite was determined as the area percentage S, g of y grains with a grain width in the range of 0.25
to 0.60 um, a grain length in the range of 1.0 to 15 um, and an aspect ratio in the range of 3.1 to 25.

[0119] Forthe TS: 780 to 1319 MPa grade, the example Nos. 1, 2, 3, and 7 had good uniform elongation (ductility) of
9% or more, satisfied (TS x U. El - 7000) x A > 260000 MPa%, and had hole expandability (1) of 30% or more. For the
TS: 1320 MPa grade or more, the examples had good uniform elongation (ductility) of 8% or more, satisfied (TS x U. El
-7000) x A > 180000 MPa%, and had good hole expandability (,) of 20% or more. By contrast, the comparative examples
were inferior in at least one of the characteristics.
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Industrial Applicability

[0120]

The present invention provides very high ductility and high stretch-flangeability and is preferably applicable to

press forming used through a press forming process in automobiles, household electrical appliances, and the like.

Claims

1. A steel sheet with a composition comprising, on a mass percent basis:

C: 0.06% to 0.25%,

Si: 0.6% to 2.5%,

Mn: 2.3% to 3.5%,

P: 0.02% or less,

S: 0.01% or less,

sol. Al: less than 0.50%,

N: less than 0.015%, and

a remainder composed of iron and incidental impurities,

wherein

a steel microstructure contains ferrite: 5% by area percentage or less, a microstructure composed of one or
two or more of upper bainite, fresh martensite, tempered martensite, lower bainite, and retained y: 95% to 100%
by area percentage, and retained y: 5% to 20% by volume percentage,

retained y,g with a grain width in the range of 0.25 to 0.60 wm, a grain length in the range of 1.0 to 15 um, and
an aspect ratio in the range of 3.1 to 25 has an area percentage SyUB in the range of 0.2% to 7.0%,

retained y g with a grain width in the range of 0.08 to 0.24 um, a grain length in the range of 0.6 to 15 wm, and
an aspect ratio in the range of 4 to 40 has a distribution number N, g in the range of 10 to 120 per 100 wm2,
fresh martensite with an equivalent circular grain diameter of 0.5 wm or more and less than 1.3 pm and an
aspect ratio of 3 or less and/or retained y grains with an equivalent circular grain diameter of 0.5 um or more
and less than 1.3 um and an aspect ratio of 3 or less has a total area percentage S in the range of 1% to
10%, and

fresh martensite with an equivalent circular grain diameter in the range of 1.5 to 20 um and an aspect ratio of
3 or less and/or retained y grains with an equivalent circular grain diameter in the range of 1.5 to 20 um and an
aspect ratio of 3 or less have a total area percentage S, |, Of 5% or less (including 0%).

yFine

2. A steel sheet with a composition comprising, on a mass percent basis:

C: 0.06% to 0.25%,

Si: 0.6% to 2.5%,

Mn: 2.3% to 3.5%,

P: 0.02% or less,

S: 0.01% or less,

sol. Al: less than 0.50%,

N: less than 0.015%, and

a remainder composed of iron and incidental impurities,

wherein

a steel microstructure contains ferrite: 5% by area percentage or less, a microstructure composed of one or
two or more of upper bainite, fresh martensite, tempered martensite, lower bainite, and retained y: 95% to 100%
by area percentage, and retained y: 5% to 20% by volume percentage,

retained y,g with a grain width in the range of 0.25 to 0.60 um, a grain length in the range of 1.5 to 15 wm, and
an aspect ratio in the range of 4 to 25 has an area percentage S, in the range of 0.2% to 7.0%,

retained y g with a grain width in the range of 0.08 to 0.24 um, a grain length in the range of 0.6 to 15 wm, and
an aspect ratio in the range of 4 to 40 has a distribution number N, g in the range of 10 to 120 per 100 um?2,
fresh martensite with an equivalent circular grain diameter of 0.5 wm or more and less than 1.3 pm and an
aspect ratio of 3 or less and/or retained y grains with an equivalent circular grain diameter of 0.5 um or more
and less than 1.3 um and an aspect ratio of 3 or less has a total area percentage S, i, in the range of 1% to
10%, and

fresh martensite with an equivalent circular grain diameter in the range of 1.5 to 20 um and an aspect ratio of
3 or less and/or retained y grains with an equivalent circular grain diameter in the range of 1.5 to 20 um and an
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EP 3 845 674 A1
aspect ratio of 3 or less have a total area percentage S, g, Of 5% or less (including 0%).

The steel sheet according to Claim 1 or 2, wherein a ratio of an area percentage S g of ferrite or upper bainite
adjacent to the retained yyg to the area percentage S, g satisfies Syp/S,ypg = 3.5.

The steel sheet according to any one of Claims 1 to 3, wherein a region with a C concentration in the range of 0.6%
to 1.3% with an adjacent region having a C concentration of 0.07% or less in the microstructure has a total area
percentage Sc concentration in the range of 0.1% to 5%.

The steel sheet according to Claim 4, wherein the region with a C concentration in the range of 0.6% to 1.3% with
the adjacent region having a C concentration of 0.07% or less is retained v.

The steel sheet according to Claim 5, wherein the region with a C concentration in the range of 0.6% to 1.3% with
the adjacent region having a C concentration of 0.07% or less is retained y g grains.

The steel sheet according to any one of Claims 3 to 6, wherein the adjacent region contains upper bainite.

The steel sheet according to any one of Claims 1 to 7, wherein the composition further comprises, on a mass percent
basis:

one or two selected from
Ti: 0.002% to 0.1% and
B: 0.0002% to 0.01%.

The steel sheet according to any one of Claims 1 to 8, wherein the composition further comprises, on a mass percent
basis:

one or two or more selected from
Cu: 0.005% to 1%,

Ni: 0.01% to 1%,

Cr: 0.01% to 1.0%,

Mo: 0.01% to 0.5%,

V: 0.003% to 0.5%,

Nb: 0.002% to 0.1%,

Zr: 0.005% to 0.2%, and

W: 0.005% to 0.2%.

The steel sheet according to any one of Claims 1 to 9, wherein the composition further comprises, on a mass percent
basis:

one or two or more selected from
Ca: 0.0002% to 0.0040%,

Ce: 0.0002% to 0.0040%,

La: 0.0002% to 0.0040%,

Mg: 0.0002% to 0.0030%,

Sb: 0.002% to 0.1%, and

Sn: 0.002% to 0.1%.

The steel sheet according to any one of Claims 1 to 10, wherein the steel sheet has a tensile strength in the range
of 780 to 1450 MPa.

The steel sheet according to any one of Claims 1 to 11, comprising a galvanized layer on a surface of the steel sheet.
A method for producing a steel sheet, the method comprising:
hot rolling and cold rolling a steel slab with the composition described in any one of Claims 1, 2, 8, 9, and 10

and annealing the cold-rolled steel sheet at an annealing temperature in the range of 810°C to 900°C;
then cooling the steel sheet at an average cooling rate of 1°C/s to 2000°C/s in the temperature range of 810°C
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EP 3 845 674 A1

to 650°C and cooling the steel sheet at an average cooling rate of 8.0°C/s to 2000°C/s in the temperature range
of 650°C to 505°C;

holding the steel sheet in the temperature range of 505°C to 405°C for 14 to 200 seconds;

cooling the steel sheet at an average cooling rate of 8.0°C/s to 100°C/s in the temperature range of 405°C to
315°C;

cooling the steel sheet at an average cooling rate of 0.2°C/s or more and less than 20°C/s in the temperature
range of 315°C to a cooling stop temperature Tsq in the range of 255°C to 310°C;

heating the steel sheet at an average heating rate of 2°C/s or more in the temperature range of Tsq to 350°C;
holding the steel sheet at 350°C to 590°C for 20 to 3000 seconds; and

cooling the steel sheet to a temperature in the range of 350°C to 50°C or less at a cooling rate of 0.1°C/s or more.
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FIG. 3
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